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ABSTRACT

The design, construction, and first results are presented of a 915-MHz Doppler wind profiler that may be
mounted on a moving platform such as a mobile land vehicle, ocean buoy, or a ship. The long dwell times in
multiple beam directions, required for the detection of weak atmospheric radar echoes, are obtained by a passive
phased array antenna, controlled by a motion control and monitoring (MCM) computer that acquires platform
motion measurements and compensatesin real time for the platform rotations. The platform translational velocities
are accounted for in the signal processing system (SPS) before the calculation of the wind velocity profiles. The
phased array antenna, MCM, and SPS are described, and radar-derived wind profiles are compared with those
from rawinsonde balloons released during the first test cruise of the system, asthe NOAA R/V Ronald H. Brown

performed ship maneuvers.

1. Introduction

The meteorologic research community has identified
the need for wind measurements over the oceans for
such applications as studies of the marine boundary |ay-
er (Fairall et al. 1997), improved severe weather forecast
of coastal areas (Ralph et al. 1999), and studies of El
Nifio—Southern Oscillation (ENSO) events (Webster and
Lukas 1992). The adaptation of ground-based radar
wind profilers (RWPs) for shipboard applications has
proven to be a formidable engineering challenge. Lim-
ited deck space, the harsh marine environment, high
levels of radar sea clutter, and the need for antenna
stabilization to achieve the beam-pointing accuracy over
long dwell times all indicate the need for a system spe-
cifically designed for shipborne or buoy-mounted wind
profiling (Post et al. 1996).

The National Oceanic and Atmospheric Administra-
tion (NOAA) Environmental Technology Laboratory
(ETL) has developed such a system. Figure 1 showsthe
location of the 915-MHz phased array antenna on the
NOAA Research Vessel (R/V) Ronald H. Brown. The
2.75-m-diameter by 1-m-tall antennais mounted rigidly
to the ship. The 10° (half-power beamwidth) RWP beam
is sequentially switched among five beam directions
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(one vertical beam and four beams, 15° from zenith, in
the north, east, south, and west directions), and radar
return signals are averaged for about 30 s. A sealed
fiberglass radome encloses the phased array antenna,
radio frequency (RF) power amplifier and preamplifier,
power supplies, and heating/cooling units. The com-
puters and other radar electronics are located in a cli-
mate-controlled space in the interior of the ship.

The system incorporates three main improvements
over previous NOAA designs used for shipboard wind
profiling (Carter et al. 1992; Fairall et al. 1997): three-
angle electronic versus two-angle mechanical stabili-
zation; lower antenna sidelobes at low elevation angles
for improved sea clutter rejection without the use of
large metallic clutter-reducing panels (Russell and Jor-
dan 1991); and advanced signal-processing techniques
incorporating 5-beam processing, multiple spectral peak
picking, and time—height consistency. Figure 2 shows
a diagram of the electronically stabilized RWP system.
The radar computer, operating as it does for fixed land-
based wind profiling, selects the earth-relative beam di-
rection and communicates its choice to the motion con-
trol and monitoring (MCM) computer. The MCM then
steers the phased array antenna beam to the earth-rel-
ative direction while compensating in real time for the
ship orientation, as measured by a commercial GPS-
based inertial attitude, position, and velocity measuring
system. The antenna beam position is updated at up to
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Fic. 1. Mounting location of 915-MHz profiler antennaon NOAA R/V Ronald H. Brown. Beam
directions are typically 0° and 15° off-zenith in four azimuthal directions, in contrast to the
conventional horizontally scanning C-band Doppler weather radar.

10 Hz to accommodate maximum ship roll rates. The
signal-processing computer processes Doppler velocity
spectra produced by the radar computer into radial wind
velocities while combining ship velocities from the
MCM to generate meteorologic products and also ar-
chivesall radar and ship motion data. The user computer
is used to display meteorologic products.

| Ship Motion Sensors '
S

Phased Array Antenna

User Computer

Signal Processing Computer

FiG. 2. Electronically stabilized profiler system consists of the
phased array antenna and four computers. The MCM computer steers
the antenna beam to compensate for ship motion indicated by GPS-
based inertial attitude, position, and vel ocity measurements. The radar
computer controls the timing and signal processing to Doppler spec-
trum. The signal-processing computer detects and identifies atmo-
spheric signals, performstranslational motion compensation, and gen-
erates meteorol ogic products. Products are displayed by the user com-
puter.

2. Motion compensation

There are two parts to motion compensation with a
shipborne Doppler radar: compensation for rotational
motion (i.e., pitch, roll, and heading of the ship) and
compensation for translational motion (i.e., course
speed, transverse, and vertical movements). Without
compensation, ship rotations and translations alter the
radar antenna beam pointing direction, and introduce
Doppler shifts in the velocity measurements. Both mo-
tions contribute to wind measurement errors.

For the ETL shipborne RWR rotational motion com-
pensation is performed using an electronically steered
phased array antenna (section 3), and translational mo-
tion compensation is performed in signal processing
(section 5). The RWP uses the Doppler beam swinging
(DBS) technique, for which meteorological winds are
derived from radial velocity measurements collected
from several different radar antenna beam pointing di-
rections. Ground-based radars use a number of antenna
beams (typically three or five), with orientations fixed
relative to the earth. One antenna beam is directed ver-
tically to observe vertical motion, and the other
(obliquely directed) beams are tilted slightly off-verti-
cal, typically 15°, and distributed in azimuth in order
to observe other components of wind.

The phased array RWP antenna is fixed securely to
the ship without any mechanical stabilization to com-
pensate for ship rotational motion. The five earth-rela-
tive antenna beam pointing directions are maintained by
electronically steering the antenna beam to compensate
for the rotational motion of the ship. The antenna beam
may be steered to more than 30° off boresight (the di-
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rection normal to the flat plane of the antenna), and over
360° in azimuth with an angular resolution of 0.5°.

One of the five predetermined antenna beam pointing
directions is set for each radar dwell time on the order
of 30 s, the period necessary to generate one smoothed
radar Doppler spectrum. Many radar pulses are trans-
mitted, usually at an interval of tens of microseconds,
during this dwell period. Radar returns from the at-
mosphere are observed for each transmitted pulse, with
typically hundreds of consecutive observations coher-
ently averaged in order to increase signal-to-noise ratio
(SNR). Then, consecutive time series of these coher-
ently averaged observations are used to derive several
spectral estimates, which are incoherently averaged in
order to increase detectability of weak radar return from
the atmosphere (Strauch et al. 1984).

The roll, pitch, and heading angles, and u, v, and w

Eﬂne COS(;')AD i 0 0 %cosﬁ
n0 smd)A EJ cosa  Sina i 0
D €0S0, D @0 —sina cosarr—SinB

where « is the ship roll angle (positive with downward
roll of starboard), B is the ship pitch angle (positive
with bow pitch upward), and vy is the ship heading (pos-
itive clockwise from true north).

If Vgsisaradial velocity measurement, including the
effects of ship motion, then the estimate of radial ve-
locity relative to the earth, Vi, is

Vee = Vrs — Vs, 2

where Vg is the Doppler shift introduced by the ship
motion:

Vs = S cos(0g) cos(dpe — ¢s) — Wssin(0e), (3)

where S is the speed, ¢ is the course, and Wy is the
vertical velocity of the antenna on the ship. The ship
motion data are relative to the position of the antenna
on the ship. This is important because ship rotations
cause translational velocity at the antennathat is afunc-
tion of its location on the ship. To compensate for trans-
lational motion, the velocity components acquired from
the ship motion sensors are averaged for the duration
of the radar dwell time and used in (2) to calculate the
earth-relative Doppler velocities for the stabilized beam
directions above. Note that ship motion with periods
less than the dwell time still broaden the Doppler spec-
tra, but the motion compensation removes the mean ship
velocity from the radial velocity estimates.

3. Electronically stabilized phased array antenna

Figure 3 shows the positions of the 90 identical el-
ements in the phased array antenna. To simplify the RF
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velocity components of the antenna location on the ship
are provided by the motion measuring system at a data
rate of 100 Hz and acquired by the MCM computer.
While rotational and translational motion during one
pulse period (tens of microseconds) may be negligible,
motion over the 30-s radar dwell period may be sig-
nificant.

To compensate for angular motion, antenna beam
steering is performed by adjusting the phases of 90 in-
dividual radar antenna elements. The phases are set to
achieve antenna-relative beam pointing angles (6,4, ¢4),
where 6, is the angle off antenna boresight, and ¢, is
the azimuth angle counterclockwise from the bow of
the ship. These angles are computed at 10 Hz in order
to maintain antenna beam pointing angles relative to the
earth (6., ¢c), where 6. is the angle from vertical, and
¢ is the angle clockwise from true north, using the
formula

0 sinBoTosy —siny 0mIsinge cosoe B
1 0 iny Ccosy OHB—sin()E sin¢>EH
0 cosBm O 0 1 cosb: O

)

feed network, there is no center element. The elements
are arranged in an equilateral triangular lattice with
0.66-wavelength spacing (21.6 cm at 915 MHz). This
spacing allows grating lobe-free steering at any azimuth
for off-boresight (0,) angles up to 35°. This is large
enough to accommodate platform pitch-and-roll angles
up to 20° with antenna beams that are 15° from zenith.
Maximum steering angles of 25° are anticipated, based
on ship motion records from the Ronald H. Brown under
typical sea conditions. Figure 4 shows a block diagram
of the phased array antenna. The implementation is a
passive phased array, one that does not incorporate am-
plification in the transmit or receive paths of each el-
ement (Mailloux 1994). This architecture is typically
simpler and less expensive than an active phased array
but also has performance limitations, which will be dis-
cussed. The 500-W (peak) pulsed RF transmit signal is
split and distributed to each of the 90 antenna element
modules (AEMSs). To electronically steer the radar beam,
the MCM commands a microcontroller in each AEM to
shift the signal phase. Received RF signals are likewise
phase-shifted and combined. Timing signals ensure that
phase switching is synchronized to the radar pulse rep-
etition period (section 4).

The triangular spacing and the hexagonal outline of
the array results in antenna radiation patterns with side-
lobes that are more circularly symmetric and generally
lower than the square arrays, with elements arranged in
a square lattice commonly used for 915-MHz boundary
layer RWPs (Ecklund et al. 1988). Since sea clutter is
much stronger for vertically polarized radiation, partic-
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Fic. 3. Antenna elements (90) are arranged in a hexagonal aperture
with equilateral triangular spacing of 0.66-A. There is no element at
the center of the array. The phase of the RF signal at each element
is adjusted to steer the beam to the coordinates (6,, ¢,).

ular care was taken in the antenna design to minimize
it (section 4). Figure 5a shows the computed antenna
gain pattern for the array steered 20° off-zenith, assum-
ing uniform amplitude distribution on the 90 elements.
To further reduce the low-elevation sidelobes respon-
sible for ground and sea clutter, conventional aperture
amplitude distributions, such as Taylor, Dolph—Che-
byshev, and cos* on a pedestal distributions (Hansen
1998), were considered. These distributions either sac-
rifice too much antenna gain or needlessly reduce side-
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lobes in noncritical directions. Instead, a Fourier trans-
form technique (Mailloux 1994) was employed to cus-
tom design the amplitude distribution for this applica-
tion. This technique alows the designer to trade off
sidelobe suppression for decreased gain or increased
sidelobes in noncritical directions. In the final design,
the low-elevation sidelobes were selectively reduced
only over the anticipated range of antenna steering di-
rections (0° = 0, = 25°, for al ¢,).

Figure 6 shows the amplitude distribution on the 90-
element hexagonal array of Fig. 3 as a function of the
element distance from the center of the array. Maximum
power is applied to the elements in a ring halfway be-
tween the center and outer edge of the array. The six
elements at apexes of the outer edge of the hexagon
have the minimum power; one-tenth or —10 dB, relative
to the maximum power. Figure 5b shows the resulting
computed antenna gain pattern for the array steered 20°
off-zenith asin Fig. 5a. Figure 7 compares cuts through
the principal plane (one that contains the main beam
and significant sidelobes) for the two distributions.
Compared to the uniform distribution, the annular dis-
tribution reduces low-elevation sidelobes by 7-10 dB,
over the most likely steering angles. Note, however, that
the first sidelobes nearest to the main beam are higher
and wider for the annular distribution, and it also costs
0.5 dB in main beam gain. An attempt to steer the beam
by more than about 25° off boresight (not shown) results
in horizontal sidelobes slightly higher than the array
with uniform distribution.

r

—
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4-bit Diode | |8-bit Microcontroller
Phase Shifter w/ Phase Table —
9x 6 x 16 x
1
L 1
1 1 [
6-Way and 9-Way 915 MHz| | 16-Port Timing, Communication,

6 x Uneven RF Power Dividers | | and DC Power Distribution Node 6 x
Pulsedy, |, RS-485
IF in 500 watt DC Power [« to MCM
¥ out +—| Transceiver Supplies Radar

€ Timing

FiG. 4. Block diagram of the shipborne wind profiler radar antenna assembly. Identical AEMs
(90) interface to RF and digital distribution networks. These components are enclosed in a fi-

berglass radome and rigidly mounted to the ship.
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Fic. 5. (a) Computed antenna radiation pattern of a beam steered
to (6,, do) = (20°, 90°) in Fig. 3, for a uniform aperture amplitude
distribution. Zenith angle is plotted as the radius from the center of
the plot (the circular periphery correspondsto 6 = 90°). (b) Computed
radiation pattern for a beam steered as in (a), but using the annular
aperture distribution of Fig. 6. Horizontal sidelobesare —40 dB (w.r.t.
beam peak). In practice, —35 dB is achievable.

Computed horizontal sidelobe levels for this steering
direction are —40 dB relative to the main beam gain of
23.7 dBi. Using a calibrated antenna test range, —35
dB horizontal sidelobeswere measured. The 5-dB deficit
is probably due to amplitude and phase errors at the
elements and to the effects of the finite array size not
accounted for in the computer model. Based on mea-
surements of other antenna arrays used for land and
shipboard profiling, the new phased array represents an
improvement of 10—15 dB (one way) over previous de-
signs. However, the total RF losses through the power
dividers, distribution cables, and phase shifters is 2.5
dB, about 1.5 dB higher than conventional land-based
RWPs.
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FiG. 6. Relative amplitude on the elements as a function of distance
from the center of the array. Highest RF power isapplied to an annulus
at one-half the array radius. The six apex elements have one-tenth
the power. There is no element at the center of the array.

4, Antenna element module

The AEMs shown in Fig. 4 are 215 mm X 185 mm
X 75 mm (8.5" X 7.3" X 3.0") replaceable units weigh-
ing 2.5 kg (5.5 Ibs). Each sealed aluminum module con-
tains an 8-bit microcontroller, a switched-line phase
shifter, and a microstrip patch antenna, arranged in a
tile architecture (Mailloux 1994), and costs $750 to
manufacture.

The MCM (bus master) communicates with all of the
AEMs (slaves) over a 4-wire multidrop RS-485 serial
network using a commercial communication protocol.
An address (1-90), unique to its position in the array
(Fig. 3), is programmed into the microcontroller in each
AEM when it isinstalled in the array. The MCM may
address and issue commands to an individual AEM, or
it may issue commands to address O, which are executed

Uniform distribution. Gg = 24.2 dBi
Annular distribution. Gg = 23.7 dBi |

Antenna gain (dBi)

T f I I I I I I I I
40 50 60 70 80 90 80 70 60 50 40 30 20 10 0
Elevation angle (degrees)

FiG. 7. Principal-plane cuts through the antenna patterns of Fig. 5.
Annular aperture amplitude distribution improves antenna sidelobes
by about 10 dB over most steering angles. Reduction of these side-
lobes comes at the cost of 0.5 dB reduced gain, and higher and wider
first sidelobes near the main beam.
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simultaneously by all AEMs. Additional radar timing
signals are distributed to all modules using RS-422/485
balanced differential drivers and receivers. The micro-
controller board includes a 128-kbyte nonvolatile mem-
ory, which is programmed by the MCM with the phase
lookup table (LUT) unique to each modul€’s position
(and address) in the array.

For adesired antenna-rel ative beam pointing direction
(04, &) in Fig. 3, the required phase for an element at
location (X,, Yo) IS

= =21, in(6,) cose) + Yo SN(6) SN,

(4)

where A is the wavelength. The small bandwidth re-
quirement (<1%) of the RWP allows the use of » mod
(27), which limits the largest required phase shift to
less than one wavelength. Computer simulations verify
that a 4-bit phase shifter (with 22.5° phase resolution)
is required to limit the beam pointing error to 1° over
all steering angles. The phase LUT in each AEM re-
lieves the MCM of the task of computing and com-
municating the required phase for each of the modules.
Instead, it broadcasts the required antenna-rel ative beam
direction, and the AEMs adjust their phases indepen-
dently and simultaneously in synchronization with the
radar timing signals. The microcontroller also has an 8-
channel, 8-bit A/D converter, which is used to measure
module temperature, voltage, and RF power levels. The
MCM polls all of the modules sequentially and main-
tains a status map of the array that is updated about
every 60 s.

In order to meet mechanical and electrical require-
ments, the 4-bit diode phase shifter was custom designed
using an RF computer-aided design (CAD) system for
simulating the operation of the RF switching diodes and
optimizing the resulting impedance match, transmission
loss, and insertion phase of the shifter. The shifter has
an insertion loss of 0.9 dB and an rms phase and am-
plitude error over al phase angles of less than 1° and
0.1 dB, respectively. The circuit also includes a dual-
directional coupler that allows the measurement of for-
ward and reflected RF power. This is used to monitor
the antenna and phase shifter circuitry because afailure
in these components results in high reflected power.

To provide sufficient bandwidth and to minimize the
low-elevation radiation (particularly for vertical polar-
ization), the rectangular microstrip patch antenna is
printed on the underside of a 0.79-mm-thick fiberglass
board and positioned in an air-filled cavity 6.35 mm
(0.25") above the aluminium ground plane. The feed
point impedance is adjusted to 55-j25 () to compensate
for mutual coupling among elements. The antenna array
return loss is greater than 22 dB over all azimuth angles
and zenith angles up to 35°, and the array exhibits no
scan blindness.

LAW ET AL.

929

5. Signal processing

Radar wind profiling makes use of the Doppler beam
swinging technique to produce vertical profiles of the
horizontal and vertical wind averaged over a desired
sample time. The radar determines the wind speed by
measuring the Doppler shift of the return signals scat-
tered from turbulent fluctuations of refractive index as
a function of range from several (three to five) antenna
beam positions (Balsley and Gage 1980; Strauch et al.
1984; Rottger and Larsen 1990; Ecklund et a. 1990).
One antennabeam is pointed toward zenith and the other
beams are pointed off zenith (usually 10°-20°). Velocity
measurements from all the beams are combined to pro-
duce a profile of winds. The 5-beam pointing sequence
used on the shipborne profiler is repeated every 2.5 min.
In this RWP technique, atime series of phase-coherent
radar returns from the atmosphere is sampled over many
transmitted radar pulses and used to generate spectra,
from which Doppler shifts may be measured.

In astationary (land based) 3-beam system, theradial
velocity derived from the vertical antenna beam is used
to removethe vertical component from the velocity mea-
surements made on the oblique beams. With the 5-beam
system it is possible to remove the effects of vertical
motion and also to estimate meteorological variations
by examining data from the different antenna beams.
Radar return on different antenna beams in the Doppler
beam swinging technique observes different volumes of
the atmosphere, which may be separated by a few ki-
lometers at higher altitudes. The wind velocity may vary
over these separations caused by turbulence, wave mo-
tion, and other atmospheric motions. With observations
from amoving ship, the volume of atmosphere observed
on any given antenna beam during a dwell period (~30
s) changes dlightly as the ship translates horizontally.

Operation of the radar and signal processing up to
the generation of smoothed radar Doppler spectra are
performed using the Profiler On-line Program (POP),
which was devel oped by NOAA's Aeronomy L aboratory
and isavailable commercially. Time—-domainintegration
and spectral processing of time serieseffectively remove
out-of-band contaminating signals and noise, improving
signal-to-noise ratio for radar return from the atmo-
sphere. Spectral smoothing improves detectability of
weak signals in the presence of noise. The signal pro-
cessing discussed in detail here begins with these
smoothed Doppler radar spectra.

The ETL signal processing consists of four separate
processing modules: (i) calculation of the noise floor
and the detection of all signals in each radar Doppler
spectrum; (ii) the estimation of spectral moments (i.e.,
power, radial velocity, and spectral width) for all signals
detected; (iii) the identification of signals to be asso-
ciated with radar return from the atmosphere; and (iv)
the generation of meteorological products. All of these
signal-processing steps are tied together by and rely
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upon a system-independent, portable database engine
specifically targeted for RWPs.

The ETL signal-processing system (SPS) differs sub-
stantially from the traditional system, in which pro-
cessing is linear and sequential throughout and where
only one signal per Doppler spectrum is ever detected
and reported. Fundamental to this signal processing is
the realization that, even with attempts to suppress pos-
sible contamination from ground and sea clutter, radio
frequency interference (RFI), spurious signals, noise,
etc., RWP-averaged Doppler spectra may contain mul-
tiple signals. The SPS removes the constraint of being
restricted to a single data channel while addressing the
possibility of multiple signals in a single spectra. Mul-
tiple data channels (at different ranges, at different
times, and on different antenna beams) have been ef-
fectively employed for years (Weber and Wuertz 1991)
in postprocessing and quality control of meteorological
products. The ETL SPS employs algorithmsthat require
multiple data channels to reliably detect atmospheric
signals.

The SPS includes four processing modules: Signal
Detection (SigDetect), Multiple Moments Estimation
(MultiMom), Signal Identification (SigIlD), and Mete-
orological Products Estimation (MetProd). Each of these
four modules runs as a separate process and contain a
number of signal processing algorithms.

Data flow is linear and sequential in SigDetect and
MultiMom. In these two modules, each RWP-averaged
Doppler spectrum is processed independently and only
once. On the other hand, data flow in SigID, and to a
lesser degree in MetProd, is necessarily recursive and
elaborate. In order to identify RWP return from the at-
mosphere (SigID) and derive meteorological products
(MetProd), it is necessary to consider signals and their
associated measurements at different ranges, at different
times, and in different antenna beams.

a. Sgnal detection module (SigDetect)

Signal detection is accomplished in a two-step pro-
cess. First, the system noise threshold is determined
using a statistical model (Hildebrand and Sekhon 1974).
Second, spectral values above the noise threshold are
separated into different signal domains for later iden-
tification. SigDetect addresses the possibility of over-
lapping signals. The recognition of multiple signalsin
the presence of noise isaccomplished by detecting max-
ima above the noise threshold based on a defined min-
imum detection level (1.25¢0 above the mean noise
floor). Each maxima is searched to the right and left
until either the noise floor or a local minimum is en-
countered. Uncertainty in the spectral estimates, cal-
culated as part of the statistical model, is used in as-
signing significance to the maxima and local minima.
Overlapping signals areidentified as part of thisprocess.
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b. Multiple moments module (MultiMom)

Spectral moments (power, Doppler velocity, and spec-
tral width) are estimated using a centroid method for all
peaksidentified in SigDetect. The combined set of spec-
tral moments is used to assist in the identification of
each signal with its physical source. An uncertainty is
also computed as part of the estimates of the spectral
moments and used later in calculating a confidence fac-
tor. No attempt is made at this point to separate out the
true atmospheric signal, but only to pass on all potential
signals with additional statistical information. The
Doppler velocity for each of the signals identified by
SigDetect is corrected for ship translational motion (sec-
tion 2).

c. Signal identification module (SigID)

Traditionally, signal identification was based upon the
assumption of simple spectra, containing only whitesys-
tem noise and one atmospheric signal per spectrum per
data channel. This assumption may be violated when
the atmospheric signal is weak or in the presence of
strong ground or sea clutter, point targets, and/or RFI.

Consistency over time and over space (height and
antenna beams) is the most general principle affecting
confidence in signal identification. Consistency is usu-
ally applied to Doppler velocity, but it may be also
applied to the other spectral moments. Note that con-
sistency does not always mean continuity. For example,
the velocity may appear to be discontinuous in time at
transitions between clear air and precipitation, and in
height across a melting layer or elevated frontal zone,
depending upon the sampling.

Signals from the atmosphere may be classified by
their physical characteristics. In general, these signals
fall into two categories. precipitation and clear air
(winds). Some excellent classifications and descriptions
can be found in Ralph (1995), Ralph et a. (1996) and
Wuertz et al. (1988). Precipitation signatures are related
to the types of precipitation (snow, rain, hail, etc.),
which are known to have different fall velocities. The
broadening effect precipitation has on the spectra and
the fact that many different types of precipitation exist
simultaneously can hide or overlap weaker clear air sig-
nals.

It should be noted that signal classifications are not
exact. Using the information described aboveto classify
signals, the SiglD process selects which of the multiple
moment estimates calculated by MultiMom best de-
scribes an atmospheric signal. The identification is
based on four characteristics: (i) magnitude of the sig-
nals, (ii) persistence of signal over range, (iii) persis-
tence of signal over time, and (iv) persistence of signal
across antenna beams. Each of these characteristicsis
calculated for each of the first three spectral moments:
power, velocity, and spectral width. Therefore, there are
12 (4 characteristics times 3 spectral moments) char-
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FiG. 8. Ship motion from 0100 to 0300 UTC 2 October 2000. Wind
profiler operated in full compensation mode as the ship made two
complete circles at a speed of ~4 m s~*. A rawinsonde balloon was
launched from the ship at 0216 UTC.

acteristic measurements cal culated for each signal iden-
tified. These 12 characteristics are used to select the
atmospheric signalsthat are further processed by atime—
height continuity process (Weber and Wuertz 1991; We-
ber et al. 1993).

For each signal identified in a spectrum a confidence
factor is calculated. This confidence factor is based on
the uncertainty in estimates of the first three spectral
moments, signal-to-noise ratio, signal-to-clutter ratio
(clutter is the total power in all signals), range conti-
nuity, time continuity, and cross-beam continuity. The
moments, calculated from one signal in each beam that
has the most consistency in terms of its characteristics,
are retained as the signal for processing into wind data.
These same moments can also be used for calculation
of turbulence quantities.

d. Meteorological products module (MetProd)

For each beam MetProd calculates an estimate of ra-
dial wind velocity and its uncertainty, from atmospheric
moments identified in SigiD using a least squares fit
over a user-defined time grid (30 min). These same data
can next be gridded in height if desired. For the results
presented in this paper, the data were left at their sam-
pled vertical resolution (60 m). After temporal and spa-
tial gridding these radial velocities are combined to pro-
duce the standard RWP product, wind speed, and di-
rection profile.

Each calculated wind speed and direction carrieswith
it a joint confidence factor. The individual confidence
factors (described above) of atmospheric signals used
to produce this wind are multiplied and normalized 0—
1 (0 is no confidence, 1 is full confidence) to produce
this joint confidence factor. Experience is required to
choose a threshold value for joint confidence, above
which data may be considered good. This threshold can

01.0 10/02 02.0 10/02 03.0 10/02 04.0 10/02

Time (hh.h MM/DD UTC)

00.0 10/02

Fic. 9. Half-hour-averaged wind profiles (60- and 500-m resolu-
tion) before, during, and after the circular ship maneuver from 0100
to 0300 UTC 2 October 2000. Rawinsonde-derived wind profile is
shown at 0216 UTC.

be site, type of RWP, weather, and application depen-
dent.

6. Field test results

Several experiments were conducted over the period
26 September—7 October 2000 to test the operation of
the electronically stabilized wind profiler system aboard
the NOAA R/V Ronald H. Brown asit sailed from Dutch
Harbor, Alaska, to San Diego, California. These in-
cluded operating the profiler in various configurations,
tracking the RF radiation from the sun, collecting time
series and spectral data, maneuvering the ship in various
ways, and launching rawinsondes for comparisons.

The following experiment was designed to test the
full compensation mode of the system, wherein the geo-
centric beam directions are maintained while compen-
sating for ship pitch, roll, and heading changes, and
signal processing compensates for ship translational ve-
locities. The 100-Hz ship motion data (relative to the
position of the antenna on the ship) were averaged and
recorded at 10 Hz. Figure 8 shows the ship heading,
speed, pitch, and roll for 0100-0300 UTC 2 October
2000. The ship completed two circles at about 4 m s—*
over a 1-h period. Pitch and roll angles were as large
as 5° and 10° respectively, with angular rates (not
shown) ashigh as4° s—* during the maneuver. Thewinds
were forecast to be relatively constant in speed and di-
rection. A rawinsonde was launched at 0216 UTC, mid-
way through the maneuver. Figure 9 shows half-hour-
averaged winds from the profiler for the period 0000—
0400 UTC, combined with the rawinsonde wind profile.
The profiler winds are calculated from 60- and 500-m-
resolution data, and include winds with confidence fac-
tors from 0 to 1 (i.e., no confidence filtering). Winds
were consistent from NNE at 8-12 m s~*. The agree-
ment is very good, considering the extreme changesin
ship speed and attitude during the maneuver. There are
profiler inconsistencies in the lowest few heights that
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Fic. 10. Comparison of the (a) u component and (b) v component
of wind between wind profiler and 15 rawinsonde balloon launches.
Stars indicate data collected during the circular ship maneuver test.

may be due to sea clutter, ship clutter, or receiver re-
covery problems.

Figure 10 shows unedited u- and v-component scat-
terplots of rawinsonde and profiler wind measurements
for 15 balloon flights over a 12-day span as the ship
sailed from Dutch Harbor to San Diego. The profiler
measurements include both 60-m-resolution, with typ-
ical altitudes from 100—1000 m, and 100- and 500-m-
resolution data, covering up to 4000-m altitude. The
wind profiler times closest to the balloon launch times
were selected, and the balloon data were interpolated to
match the wind profiler heights. The measurements dur-
ing the ship circular maneuver test (Figs. 8 and 9) are

VoLuME 19

indicated and show about the same agreement as the
other comparisons. The correlation coefficients and rms
speed differences of about 0.91 and 2.2 m s, respec-
tively, compare favorably to the results of Weber and
Wuertz (1990), although their dataset was much larger
and the range of wind speed was much greater than in
this case.

7. Summary discussion and future work

An improved shipborne radar wind profiler has been
constructed and demonstrated. Initial tests show that the
system components required for the electronic stabili-
zation and velocity compensation of the phased array
wind profiler have been designed and assembled cor-
rectly and that the system represents a significant ad-
vancement in wind profiler technology for moving plat-
forms. (Further information and photographs are avail-
able at http://wwwé6.etl.noaa.gov/projects/ronbrown/.)
Preliminary results show agreement with rawinsonde
wind measurements comparable to those for fixed land-
based UHF profilers. The use of a commercial ship mo-
tion measurement system and the reduced sea clutter
resulting from the low sidelobe antenna design of the
electronically stabilized profiler seem to have reduced
two significant problems that have plagued previous
shipborne wind profilers (Hartten 1998).

Since the initial test cruise, the wind profiler has been
operated on the R/V Ronald H. Brown during three other
field experiments, along with measurements from the
C-band Doppler radar and a Doppler lidar, as well as
routine rawinsonde balloon launches. These operations
should provide a rich dataset for further comparisons
and improvements in profiler design and signal-pro-
cessing techniques.

The choice of a passive phased array antenna design
has performance and operational implications. The need
to minimize RF losses required the careful design of
low-loss phase shifters requiring about 3 W of power
each, and low-loss, uneven power dividers. The addi-
tional feed line losses of the passive phased array design
resulted in the loss of 30% of the meager (500 W peak,
50 W average) RF transmit power and weak received
signals. They also increased the system noise figure,
which reduces the system sensitivity. At the expense of
higher electric power consumption, a larger RF power
amplifier could compensate for these losses. Solid-state
heating and cooling units were used to regulate the tem-
perature in the antenna enclosure on the deck. The units
are rugged and reliable but inefficient. When operating
at maximum capacity, the antenna system consumes
about 2.3 kW of electrical power. The rest of the RF
and digital electronics consume about 1 kW of power.
While these power requirements are appropriate for
shipborne installations, they will likely need to be re-
duced for remote buoy-mounted deployments.

For future systems, active phased arrays, ones that
incorporate amplifiers in the transmit and receive paths,
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have many advantages. Distributing the RF power am-
plification among all of the elementsincreasesreliability
by eliminating a single point source of failure, and dis-
tributes the heat and power supply current densities. The
system noise figure may be improved by placing low-
noise amplifiers at each element. The ability to dynam-
ically control the amplitude as well as the phase at each
element provides additional design flexibility, which
would allow the design of optimal antenna radiation
patterns with lower sidelobes. Fortunately, inexpensive
electronic devices such as low-noise amplifiers, vector
modulators, circulators, and power amplifiers, have been
developed by the wireless communication industry. The
shipborne and buoy-mounted wind profiler systems en-
visioned over 20 years ago (Balsley and Gage 1980)
appear to be economically and technically feasible.
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